The complex pressure and porosity fields observed in the Eugene Island (EI) 330 field (offshore Louisiana) are thought to result from sediment loading of low-permeability strata. In this field, fluid pressures rise with depth from hydrostatic to nearly lithostatic, iso-pressure surfaces closely follow stratigraphic surfaces which are sharply offset by growth-faulting, and porosity declines with effective stress. A one-dimensional hydrodynamic model simulates the evolution of pressure and porosity in this system. If reversible ( elastic) compaction is assumed, sediment loading is the dominant source of overpressure (94%). If irreversible (inelastic) compaction and permeability reduction due to clay diagenesis are assumed, then thermal expansion of pore fluids and clay dehydration provide a significant component of overpressure ( > 20%). The model is applied to wells on the upthrown and downthrown sides of the major growth fault in the EI 330 field. Assuming that sediment loading is the only pressure source and that permeability is a function of lithology and porosity, the observed pressure and porosity profiles are reproduced. Observation and theory support a conceptual model where hydrodynamic evolution is intimately tied to the structural and stratigraphic evolution of this progradational deltaic system. diagenetic expulsion of pore fluids during the smectite to illite transition adds fluid to a finite pore volume thereby increasing fluid pressure. Advocates of the second hypothesis suggest that heating during burial causes pore fluid expansion and a resulting increase in fluid pressure. Finally, advocates of the third hypothesis suggest that the inability of low-permeability sediments to expel their pore fluids in response to sediment loading generates overpressure.
diagenetic expulsion of pore fluids during the smectite to illite transition adds fluid to a finite pore volume thereby increasing fluid pressure. Advocates of the second hypothesis suggest that heating during burial causes pore fluid expansion and a resulting increase in fluid pressure. Finally, advocates of the third hypothesis suggest that the inability of low-permeability sediments to expel their pore fluids in response to sediment loading generates overpressure.
The debate is significant because the three hypotheses result in strongly divergent views on how fluid pressures evolve in sedimentary basins. Based on the sediment loading hypothesis, permeability and sedimentation rate are the primary controls on the evolution of fluid pressure (e.g. Bredehoeft & Hanshaw, 1968; Keith & Rimstidt, 1985; Bethke, 1986; Harrison & Summa, 1991; Mello et al., 1994) . Thus, according to this view, the evolution of fluid pressure is inextricably tied to the stratigraphic history of the basin. In contrast, some advocates of the other hypotheses subscribe to the idea that the fluid pressure field can be independent of the stratigraphic and structural history of the basin. These authors propose the existence of 'perfect' or 'near perfect' seals which can isolate 'compartments' of sediment from the surrounding material (e.g. Barker, 1972; Hunt, 1990; Powley, 1990 ).
INTRODUCTION
Fluid pressures in excess of hydrostatic are commonly observed in sedimentary basins. Great attention has been focused on characterizing these pressures and on understanding their origin and evolution. At the most practical level, it is critical to understand overpressures in order to drill wells safely and economically. At a more fundamental level, overpressures are coupled to compaction and, therefore, influence acoustic properties of sediments, the stress field and permeability.
Despite, or perhaps because of, the need to understand overpressures, there continues to be debate over their origin. In the Tertiary Gulf Coast, the focus of this study, there are three hypotheses for the dominant cause Finally, we apply the forward model to four wells in the EI 330 field and compare the model results to the observed data in those wells. Our results show that a 1-0 hydrodynamic model, in which permeability is tied to the large-scale stratigraphic architecture of the basin, can simulate the evolution of the pressure and porosity fields to their observed states.
HYDRO STRATIGRAPHIC CHARACTERIZATION OF THE EI 330 FIELD
The EI 330 basin is a Plio-Pleistocene salt withdrawal shelf basin which is located offshore, Louisiana (Fig. 1) . Alexander & Flemings (1995) provide a geological characterization which we summarize here. The basin is composed of three hydrostratigraphic units: a Pliocene prodelta unit, a Pleistocene proximal deltaic unit and a Pleistocene and younger fluvial unit. This regressive sequence grades from clay-dominated to sand-dominated sediments. Sand units which were deposited during growth-faulting are thicker in the down thrown block than in the upthrown block (Fig. 2) . Offset due to growth-faulting causes the sand-dominated unit to extend deeper into the downthrown block (Fig. 2) . Over the past 2.2 million years, sedimentation rates in this basin have varied from less than 2 mm yr-1 to 2.4 mm yr-I,
In the EI 330 field, as is common in much of the Tertiary Gulf Coast province (e.g. Harrison & Summa, 1991) , pressures rise with depth from hydrostatic to nearly lithostatic ( Fig. 3D ) and are closely correlated to lithology. The fluvial deposits are hydrostatically pressured, the proximal deltaic deposits record the transition to overpressure and the prodelta deposits are marked by strong overpressures (Fig. 3D) . The transition from clayto sand-dominated sediments marks the transition from hydrostatically pressured to overpressured sediments (Fig. 3A,B ). Porosity and overpressure are intimately related in the EI 330 field (Fig. 3C,D) . Hart et al. (1995) suggested that porosity «j» is an exponential function of Ortoleva et al. (1995) state that 'the pattern of basin compartrnentation need not simply be the result of an imposed "template" such as stratigraphy or faults.' Following the reasoning of Hunt (1990) , Roberts & Nunn (1995) perform modelling studies of clay-dominated sediments, in which they impose a horizontal clay seal with a permeability of 10-25 m2, two orders of magnitude lower than the lowest observed shale permeabilities (Neuzil, 1994) .
We believe that this debate persists because many of the previous studies failed to integrate careful characterization of stratigraphy and overpressure with dynamic models of their evolution. Bethke (1986) performed a series of one-dimensional inverse simulations and compared his results to a data set which represents a large area of the Gulf Coast. Harrison & Summa (1991) used 2-D numerical simulations to reproduce the observed pressure field from the Gulf Coast, and to explain lateral variation in that pressure field. The scope of their study was the 1000-km scale. By considering such large areas, Bethke (1986) and Harrison & Summa (1991) lose the detail which we observe over the kilometre scale. Finally, Mello et al. (1994) used lithology data from the South Marsh Island area, offshore Louisiana, to reproduce the general features of the pressure and porosity fields in that area. However, that study did not consider the role of clay dehydration or any lateral variation in I the pressure and porosity fields. While our I-D study necessarily ignores lateral flow, we consider lateral variations in the pressure field by performing a series of I-D simulations along a cross-section through the EI 330 basin.
We first characterize the geological setting and the pressure and porosity fields of a Plio-Pleistocene growthfaulted basin, the Eugene Island (EI) Block 330 field (Fig. 1) . We then present a I-D forward model which incorporates each of the proposed sources of overpressure. We show simple examples of how pressure and porosity evolve in a clay-dominated system and in a progradational system (represented by clay-dominated sediments overlain by sand-dominated sediments). overpressured prodelta deposits are generally not encountered until 2000 ffi.
effective stress (cr). The linear porosity trend (on a semilog plot) in the shallow hydrostatically pressured sediments of EI 330 support this interpretation ( Fig. 3C ):
where <1>0 is the initial sediment porosity and J3 defines sediment compressibility. While the shallow sediments (0-1000 m) follow the normal compaction trend (porosity expected at hydrostatic conditions), the deeper sediments (1100-1800 m) are undercompacted relative to the normal compaction trend and effective stress is lower than expected at hydrostatic conditions (Fig. 3C,D) . The very deep sediments (below 1800 m) are further undercompacted, and have higher porosities and lower effective stresses than the overlying sediments (Fig. 3C ). Throughout this basin, porosity decreases to the top of the strongly overpressured sediments; often a 'rollover' occurs where porosities increase and effective stresses decrease with depth. The offset in stratigraphic architecture is reflected in the offset of the overpressure field (Fig. 4) . The fluvial phase is hydrostatically pressured, and thicker and deeper in the downthrown block than in the upthrown block (Fig. 4) . The transition to overpressure is thicker in the down thrown block where the proximal deltaic deposits are thicker than in the upthrown block. Strong overpressure is generally encountered in the prodelta phase (beneath C.mac) which is 1500 m below sea level in the upthrown block, whereas in the down thrown block, the as + symbols. These points come from wells within 100 m on either side of the line of section. The contour interval is 2 MPa. Dashed lines represent surfaces of known age which were interpreted from well log and seismic data. Fault is assumed to be a barrier to lateral fluid flow and contours are projected toward the fault from both upthrown and down thrown sides. The result is a sharp lateral pressure gradient at the fault.
pressure through time comprises four components: (1) fluid flow (the Darcy term), (2) sediment loading, (3) thermal loading and (4) clay dehydration. Overpressure develops when the flux from the Darcy flow term cannot balance pore pressure generated by the combined effects of the three source terms: sediment loading, aquathermal pressuring and clay dehydration. In basins where hydrocarbon generation may be an important source, a fourth source term may be added to Eq. (2) which would be similar for the clay dehydration source term (see Bredehoeft et at., 1994) . Equation (2) differs from the presentations of Palciauskas & Domenico (1989) and of Mello et at. (1994) in the treatment of the matrix compressibility (13), and in the inclusion of a source term for clay dehydration (Appendix).
a kinetic transfornlation of smectite to illite (Bekins et at., 1994 ):
Ot where the rate of change in the mole fraction of smectite (S) in the mixed-layer clay (smectite plus illite) is an exponential function of temperature (T). A and Dare empirically defined fitting parameters from Bekins et at. (1994) . Equation (7) was shown by Bekins et at. (1994) to reproduce Hower et at.'s (1976) observed smectite/ illite profile from the Gulf Coast. Huang et at. (1993) were able to reproduce the observed smectite/illite profile in the Gulf Coast using a similar approach. Typical values for bulk volume fraction of mixed-layer clay (S) in EI 330 muds is approximately 0.60, and initial values for illite fraction of mixed layer clay is 0.20 (S. Losh, pers. comm.). Once we know from Eq. (7) how much smectite has dehydrated, we calculate how much pressure was generated by that process:
Ot
S, Ot
Permeability as a function of porosity and lithology Our goal is to find an expression for the bulk vertical permeability of sediment which approximates the effect of the large-scale change from clay-dominated to sanddominated sediment. Intrinsic permeability is modelled as a function of lithology and porosity:
k .-
Equation (8) describes the pressure generated by clay dehydration as a function of the volume fraction of smectite and illite in the sediment, the microporosity of smectite «I>micro), the amount of smectite which has dehydrated, the density contrast between clay-bound water and pore water, and the storage capacity (S,) of the sediment. We equated the smectite/illite transition to the clay dehydration process. We assumed the clay portion of the sediment to be originally composed of 50% smectite and 0% illite. We used the observed geothermal gradient for the EI 330 field of 33 °C km -1 (Holland et al., 1990 ) and a clay-bound water density of 1.15 g cm-3 (ColtenBradley, 1987) . We assume that all pressure generation is due to the higher density of clay-bound water compared to free water. The value of clay-bound water density which we use (1.15 g cm-3) is at the high end of what is published in the literature (1.02-1.4 g cm-3) (Powers, 1967; Burst, 1969; Bruce, 1984; Colten-Bradley, 1987) . When making these estimates of clay-bound water density and bulk volume fraction of smectite and illite, we hoped to calculate the maximum reasonable contribution of clay dehydration to the fluid pressure field. Table 1 gives the values for all constants used in our simulations.
Many authors approximate permeability as a log function of porosity for a given lithology (e.g. Archie, 1950; Harrison & Summa, 1991; Mello et al., 1994) . These authors divide stratigraphic sequences into distinct units (with a specific value for per cent sand (fi», each with its own fitting parameters in Eqs (4) and (5) (e.g. Harrison & Summa, 1991; Mello et al., 1994) . We extend this approach by modelling permeability as a continuous function of both lithology (per cent sand (fi» and porosity «I» (Nelson, 1994; Panda & Lake, 1994) . This is a first approximation to permeability measured over the metre and decametre scale.
Line A in Fig. 5B shows permeability as a function of porosity for sediment with 10% sand, and line B for 0% sand. In our examples, where we average lithology over large vertical distances (450 m), there are virtually no sediments modelled with less than 10% sand. Thus, line A acts as an effective minimum bound to the permeability field. The shale permeability model used in this study falls within the limits for shale permeability found by Neuzil (1994) (shaded grey area in Fig. 5B ). We assume viscosity varies as a function of temperature (Mello et al., 1994; Mercer, 1973 ) (Appendix).
THEORETICAL SIMULATIONS
In order to evaluate the relative roles of sediment loading, aquathermal pressuring, clay dehydration and lithology, we now consider four simulations of fluid pressure evolution in an aggrading basin. We display our results with an upper boundary fixed in space (the basin surface). Sediment is continually added at the upper surface with a surface porosity of 0.40, and typical quartz and sea water densities. We derive the surface porosity «1>0) and
Clay diagenesis and dehydration
The pressure generated by clay dehydration is calculated according to two equations. The first equation describes Fetter, 1988 this study Issler, 1992 Palciauskas and Domenico, 1982 Palciauskas and Domenico, 1982 de Marsily, 1986 Hart e1 a/., 1995 de Marsily, 1986 from Colten-Bradley, 1987 Hart e1 a/., Fetter, 1988 de Marsily, 1986 Issler, 1992 the sediment compressibility (~) from previous studies of the pressure-porosity relationship in EI 330 (Hart et al., 1995) . Because we are relating empirically observed porosity -effective stress relationships (Hart et al., 1995) with a uniaxial compaction model (Appendix), we are necessarily making several assumptions: (I) the observed porosity -effective stress profiles record only uniaxial strain, and (2) all compaction is mechanical. The former is a simplifying assumption made by most compactiondriven fluid-flow models (e.g. Harrison & Summa, 1991) . The latter assumption relies on the observation of IPleistocene and younger sediments in EI 330 which show no evidence of significant chemical processes (e.g. dissolution or cementation).
The upper boundary is set to a constant overpressure (p.=O). The lower boundary is a no flow boundary{OP' /011 = 0). Two types of results are shown for each simulation. First, we display the final states of the pressure, porosity and hydraulic conductivity fields as a function of depth (solid lines, Figs 6, 8, 9 and 11) . Second, we show the evolution of a single unit of sediment deposited early in the simulation (arrows, Figs 6, 8, 9 and 11).
Clay deposition at a constant rate
We first consider three cases where clay is deposited at a constant rate of I mm yr-1 for 4.4 million years. We use these three examples to show the effects of mineralogical-dependent permeability and of reversible versus irreversible compaction.
the simulation does not track precisely along the presentday fields. The particle first experiences overpressure at a slightly greater depth than overpressure is encountered today (Fig. 6A ). The particle followed the normal compaction trend (dashed line) to a depth of about 300 m (Fig. 6B ). From 300 m to 1500 m, compaction continued, but it deviated from the normal compaction trend. Below 1500 m, compaction nearly halts (Fig. 6B ). Particles deposited early in the simulation which lie at the base of the sediment column experience sediment loading but, due to the lower boundary condition (no flow), they experience no pressure addition from below. In contrast, particles deposited later in the simulation experience flow from below as well as sediment loading. Therefore, sediment deposited later in the simulation encounters overpressure at a shallower burial depth than the sediment deposited early in the simulation. For one unit of sediment deposited early in the simulation, Fig. 7 A shows the accumulated pressure generated by each process in this simulation. Sediment loading accounts for more than 94% of the overpressure while clay dehydration and aquathermal pressuring each account for less than 3% of the total pressure ( Fig. 7 A) . Almost all of the pressure from the clay dehydration reaction is added after 2.5 million years of simulation time. Figure 7B shows the change in pressure with time and the relative contributions of sediment loading, clay dehydration, aquathermal pressuring and Darcy flow with time. As the permeability is reduced by compaction, the Darcy flow decreases. Mter 3.1 Myr of simulation time, the Darcy flow term approaches a constant rate of pressure removal. As the Darcy flow approaches this constant rate, the system approaches a pseudo-equilibrium where the rate of pressure addition becomes constant.
Simulation 1.. constant rate clay deposition
In the first example, permeability varies only as a function of porosity, according to line A (Fig. SB) . In this simulation, the sediment compacted normally in the shallow zone, but below about 300 m, the clay was not permeable enough to expel its formation fluids in response to further sediment loading (Fig. 6A) . Thus, at approximately 300 m depth, overpressures developed and compaction within the shale deviated considerably from the normal compaction trend (Fig. 6A ). The porosity field (solid line) deviates almost immediately from the normal compaction trend (dashed line) (Fig.6B) . The hydraulic conductivity of the shale in the overpressured zone is approximately 10-12 m S-I, but it decreases slightly with depth ( Fig. 6C ). Since the sediment is all one type, these decreases in hydraulic conductivity are due to decreases in porosity. Figure 60 shows the particle evolution of porosity and effective stress. The time elapsed between each point is 0.9 Myr. The virgin compaction trend shows the relationship between effective stress and porosity as sediment is compacted. In Fig. 60 , the decreasing distance between points indicates that from Time 2 to Time 3, the sediment has experienced less compaction relative to the normal compaction trend than from Time 1 to Time 2. The history of a particle which was deposited early in a function of clay mineralogy in the following manner:
.4 ksediment = ksediment X S . (9) This has the effect of reducing permeability by up to two orders of magnitude (we assumed that 10-22 m2 was a lower limit on permeability (Neuzil, 1994) ). We apply Eq. (9) in two simulations to demonstrate the effect of a permeability reduction due to clay dehydration.
Role of mineralogical-dependent permeability and reversible versus irreversible compaction
We were particularly interested in examining under what conditions it is possible for sediment to experience a decrease in effective stress through time. Plumley (1980) and Hart et at. (1995) both suggest that a late-stage pressure generation source may have this effect. From Simulation 1, we found that inclusion of clay dehydration and aquathermal pressuring alone were not sufficient to generate a decrease in effective stress. Assuming that there are no other pressure sources, the only way to generate a decrease in effective stress with the three given sources is to decrease the sediment permeability. One way to justify a reduction in permeability is to tie that reduction to a change in mineralogy. Bethke (1986) and Colten-Bradley (1987) suggest that permeability is substantially reduced by the transformation of smectite to illite. We found no information to quantify this relationship, but we did find that it is possible to decrease effective stress through time by reducing permeability as Simulation 2: constant rate clay deposition with permeability reduction due to clay diagenesis
In this first application of Eq. (9), we repeat Simulation 1 and assume compaction is completely reversible (Fig. 8) . Within the zone of the smectic to illite transition (below 2300 m), there is a dramatic decrease in permeability (Fig. 8C) . Figure 80 shows the evolution of porosity and effective stress through the simulation. Effective stress is lower at Time 5 than at Time 4, and effective stress is lower at Time 4 than at Time 3. The compressibility (j3) does not change; thus, as effective A B D stress decreases, the particle tracks back up the virgin compaction trend (reversible compaction) (Fig. 80 ). The particle evolution shows a porosity minimum at 2600 m below which there is a very small increase in porosity (Fig. 8B ). This increase in porosity can also be observed in Fig. 80 , where porosity increases from Time 3 to Time 5. Again in this simulation, sediment loading accounts for greater than 94% of the total pressure applied to the system, and aquathermal pressuring and clay dehydration each account for less than 3% (Fig. 7 A) . Figure 7 A is the same for Simulation I and Simulation 2 because there is no change in compressibility during the simulation; the same amount of sediment is added, the element experiences the same amount of heating and the same amount of clay dehydrates. As the permeability is reduced by compaction and the clay dehydration process, the Darcy flow in the system decreases more than in Simulation 1 (Fig.7B for Simulation 1; Fig.7C for Simulation 2). When the Darcy flow term drops below the sum of the clay dehydration and .aquathermal pressuring terms (approximately 3.1 Myr into the simulation), the change in pressure per time step exceeds the contribution of sediment loading (Fig. 7C) . Effective stress decreases when the total change in pressure exceeds the pressure added by sediment loading (from 3.1 Myr to the end of the simulation) (Fig. 7C) .
increasing (estimated from Corbet & Bethke, 1992) . Similar to Simulation 2, there is a dramatic decrease in hydraulic conductivity within the zone of the smectite to illite transition (Fig. 9C) . Figure 9A illustrates that the particle experiences increasing pressure at a higher gradient than the lithostatic gradient; this corresponds to a decrease in effective stress. When effective stress decreases, the porosity departs from the virgin compaction curve (from Time 4 to Time 5, Fig. 9D ). The length (amount of effective stress reducl;ion) and slope (amount of porosity increase for a given decrease in effective stress) of the line connecting points 4 and 5 is dependent upon the compressibility (expandability) of the sediment (Fig. 9D) .
In this simulation aquathermal pressuring accounts for 8% of the total pressure applied to the system, and clay dehydration accounts for nearly 13%. Figure 10 shows how the decrease in effective stress and the corresponding decrease in matrix compressibility (at 3.1 Myr) causes the relative roles of clay dehydration and aquathermal pressuring to increase, while the relative role of sediment loading decreases. The point at which the total pressure curve crosses the sediment loading curve corresponds to the abrupt change in the clay dehydration and aquathermal pressuring contributions (Fig. 10) .
Clay-dominated deposition followed by sand-dominated deposition Simulation 4
The EI 330 region, like much of the Tertiary Gulf Coast, is characterized by a progradational history where early deposition is clay-dominated and late deposition is sanddominated. We approximate this depositional history by Simulation 3: constant rate clay deposition, permeability reduction and irreversible compaction
We now repeat Simulation 2, except that we assume that compaction is primarily inelastic; if the effective stress decreases, the compressibility of the sediment is assumed to be one-tenth what it is when effective stress is O.4r-.1 " !\ Fig. 9 . Simulation of clay deposition at I mm yr-1 for 4.4 Myr with a penneability reduction associated with the clay dehydration reaction (see Fig. 6 caption). Compaction is considered to be a largely inelastic process. The effective stress at times 4 and 5 is less than at time 3, and during this period of decreasing effective stress, the sediment deviates from the virgin compaction curve (solid line). This shift is due to the fact that as the total pressure line crosses the sediment loading curve, the compressibility ('expandability') of the sediment decreases by an order of magnitude.
repeating Simulation 1, but after 2.2 million years of simulation time, we assume deposition goes from claydominated to sand-dominated. The permeability rule for the clay-dominated sediment is represented by line A, and that for the sand-dominated sediment is represented by line C in Fig. 5B (there is no mineralogical control on permeability resulting from clay alteration). The depth to the top of overpressure is controlled by the depth to the transition between the sand and shale intervals (Fig. 11) . Within the upper sand-dominated unit, no overpressure develops (Fig. l1A ) and the porosity follows the normal compaction trend (Fig. lIB) . Even at low porosities, the sand was permeable enough to expel its formation fluids in response to further sediment loading. Within the clay unit, porosity is virtually constant at 27.5%, and the fluid pressure gradient is nearly lithostatic (Fig. lIA,B) . Once again, the hydraulic conductivity of the overpressured shale is between 10-12 m S-1 and 10-13 m S-I. While the porosity decreases and then increases with depth, the particle did not experience this evolution. It decreased to a minimum value at which point compaction effectively ceased.
Discussion of constant rate deposition simulations
These simulations illustrate that clay compaction is the key control on the development of overpressure. For the assumed porosity-permeability behaviour and the applied sedimentation rates, the clay compacts until its permeability is reduced to the point at which fluid cannot escape at the rate necessary for the sediment to compact normally and, consequently, overpressure develops. The higher the sedimentation rate, the shallower the depth to overpressure. Keith & Rimstidt (1985) , Bethke (1986) and Harrison & Summa (1991) observed this behaviour in their compaction-driven fluid-flow models. Similarly, the lower the sediment permeability-porosity relationship, the shallower the depth to overpressure. Our quantification of the three major source terms illustrates that for the observed sedimentation rates, sediment loading is the dominant source of overpressure. Clay dehydration and aquathermal pressuring are important only when we assume mineralogical permeability dependence and inelastic sediment behaviour. While we 
recognize that there are certain conditions under which anyone of these sources might be the dominant mechanism in overpressure generation, in rapidly deposited sedimentary basins, sediment loading is the dominant source. We have explored conditions under which it is possible for sediments to experience a decrease in effective stress through time. We suggest that a rapid decrease in permeability which is coincident with the smectite-illite transition could cause this effect. Under these conditions, the magnitude of the decrease in effective stress depends on the extent to which the medium behaves elastically versus inelastically.
We emphasize that permeability reduction is only one possible mechanism for generating a decrease in effective stress. Alternatively, a large fluid source entering from below or an in-situ source that we have not considered could cause this effect. Fluid expulsion at depth by any of a range of processes (e.g. compaction, hydrocarbon generation) might cause the former effect. An in-situ source that we have not considered is biogenic gas (e.g. Hedberg, 1974) . We can estimate what the magnitude of these sources would need to be by pointing out that a permeability reduction of two orders of magnitude was required to generate a decrease in effective stress given the source terms we considered. If only a fluid source were called upon, we would need an increase in the flux of fluids of several orders of magnitude. This new source would then dwarf the role of sediment loading. Biogenic gas production is an appealing mechanism because it represents a source of pressure and may cause a decrease in effective permeability due to the relative permeability effects of multiphase fluid flow. We do not believe that there is in-situ thermogenic hydrocarbon generation because the sediments are immature (Holland et al., 1990 ).
where u and Atma are empirical parameters for shales derived by Issler (1992) (Figs 12A2, H2, C2, 02) .
We predicted fluid pressures from three sources: sonicderived porosity measurements, drilling mud weights and reservoir pressure surveys. Assuming porosity is an exponential function of effective stress, we calculate fluid pressure after (Hart et al., 1995) In ( ~). not strongly dependent on mineralogy, then the previous simulations show these processes to be insignificant. We used the smoothed per cent sand curves ( Figs 12A4, B4 , C4, D4) to constrain the lithology in each simulation. In order to approximate the effects of depositing sediment into an already overpressured basin, we began each simulation by depositing 500 m of sediment (10% sand) at 1 mm yr-I. Then we continued the simulation using the sedimentation rates and lithology data from each well. In the downthrown block wells, the model predictions provide an excellent match for the data. The model reproduces both the character and magnitude of the pressure and porosity fields (Figs 12Cl, C2, Dl, D2 ). In the upthrown block, using the same permeability rules as in the downthrown block, the model reproduces the general character of the pressure and porosity fields (Figs 12Al, A2, Bl, B2, line A). It accurately predicts the depth of the three distinct pressure regimes, and it correctly predicts the depth to the rollover in the porosity field. However, it underestimates the magnitude of the overpressure and, therefore, it overestimates the amount of compaction which takes place.
The permeability model used successfully in the downthrown block predicts permeabilities which are too high to reproduce the magnitude of overpressuring observed in the upthrown block. There is greater structural relief to sands in the downthrown block due to the large anticlinal structures present (Alexander & Flemings, 1995) . In addition, there is significant lateral variation in sand thickness throughout the downthrown block (Alexander & Flemings, 1995) . We infer that as a result of these factors, there is greater effective vertical permeability in the down thrown block than in the upthrown. We found that by dividing the permeability field by three, we could capture the character and magnitude of the overpressure (Fig. 12Al, line B ; A2, line B; Bl; and B2). Line D (Fig. 5B) shows the permeability for sediment with 10% sand in the upthrown fault block. The need to manipulate the permeability rules from one block to the other illustrates a limitation of one-dimensional modelling. It is difficult to approximate the three-dimensional vertical interconnectivity of sand bodies based on a single variable such as per cent sand in a given well. These results suggest that interconnectivity can vary over distances of less than 1 km. Lines A and B in Figs 12Al and A2 give some indication of the sensitivity of the model to changes in the porosity-per cent sand-permeability relationship.
where Q>ave is the average porosity over the interval between surfaces of known age. Figures 12A4, B4 , C4, D4 each show that the average per cent sand gradually increases from approximately 10% at depth to approximately 50% near the sediment-water interface. This gradual increase in per cent sand is characteristic of a regressive sequence. The sanddominated sediments extend to nearly 2000 m depth in the down thrown block (Figs 12A4, 12B4) , and to only 1500 m in the upthrown block ( Figs 12C4, D4 ), reflecting offset due to growth faulting (Fig. 2) . The shale porosity profiles show a decrease to a minimum of approximately 0.20 which corresponds to the bottom of the sanddominated unit, and then an increase below that depth to nearly 0.30 (Figs 12A2, B2, C2, D2) .
The pressure profiles each show three distinct pressure regimes: a shallow hydrostatic zone, a deeper moderately overpressured zone and a deep strongly overpressured zone (Figs 12A1, B1, C1, D1). In the upthrown block, the moderately overpressured zone tends to be only a couple of hundred metres thick, and it runs from 1100 m or 1300 m down to 1500 m or 1600 m (Figs 12A1, B1 ). In the downthrown block the transition zone is 500-1000 m thick. It is encountered at shallower depths (1000 m), and it extends to nearly 2000 m ( Figs 12C1,  D 1) . In both blocks, within the strongly overpressured zone the fluid pressure gradient is nearly lithostatic.
In general, we observe good agreement between mud weight-predicted pressure, sonic porosity-predicted pressure and direct reservoir pressure measurements. However, in the upthrown wells, the direct-reservoir pressure measurements fall below the pressure predicted by mud weight and sonic data. We attribute this discrepancy to the fact that these-measurements were made from reservoirs in which fluid pressure is decreasing due to hydrocarbon production.
The observed agreement between the drilling mudpredicted pressures, the porosity-predicted pressures and direct reservoir pressure measurements show that the current effective stress field is equal or similar to the maximum effective stress field to the depth that we have direct measurements of pressure.
APPLICATION
OF MODEL TO FIELD
DATA
We apply our forward modelling approach to simulate the evolution of pressure and porosity in the four wells discussed above. The boundary conditions were the same as in the previous simulations. We do not consider aquathermal pressuring or clay dehydration for two reasons. First, our data show no evidence for significant late-stage pressure generation or for a departure from the virgin compaction trend. Second, if permeability is
DISCUSSION
We have characterized the geological and hydrodynamic state of the £1-330 field, a young Plio-Pleistocene basin.
We have developed a one-dimensional model that incorporates sediment loading, clay dehydration and aquathermal pressuring to illuminate the hydrodynamic evolution of this basin. The results show that a simple model where sedimentation rate and permeability are constrained by observed accumulation rates and lithologies successfully simulates present-day pressures and porosities. Our analysis builds on previous studies by Rubey & Hubbert (1959) , Bredehoeft & Hanshaw (1968) , Keith & Rimstidt (1985) , Bethke (1986) , Palciauskas & Domenico (1989) , Harrison & Summa (1991) , Mello et al. (1994) and Hart et al. (1995) . Through theory and observation, these authors also analysed the processes which generate overpressure in the Gulf Coast and concluded that sediment loading of low-permeability sediments is the dominant source of overpressure. We extend their work in two ways: (1) by exploring in detail the effects of sediment loading, aquathermal pressuring and clay dehydration, and (2) by integrating observation and theory at the kilometre scale. Keith & Rimstidt (1985) , Bethke (1986) and Harrison & Summa (1991) have quantitatively considered the roles of sediment loading, aquathermal pressuring and clay dehydration. We have extended their analyses by exploring the effect of reversible versus irreversible compaction on the development of overpressure. This allows us to consider the implications of observations made by Plumley (1980) , Bowers (1994) and Hart et al. (1995) which documented situations where porosity does not follow the virgin compaction curve and suggest that the reason is due to late-stage pressure sources.
A solid grasp of how sediment responds to decreasing effective stress is fundamental to understanding porosity / pressure relationships. Significant departures from a virgin compaction curve due to decreasing effective stress mean that traditional approaches using porosity from core or wireline data (e.g. Hart et al., 1995) or, at a larger scale, from stacking velocities in seismic data (e.g. Louden et al., 1971) to predict pressure will be unsuccessful. At a broader scale, an understanding of the compressibility behaviour of sediments is critical to understanding under what conditions sediments will fracture (as the fluid pressure exceeds the least principal stress). We have shown that if compressibility is low during late-state pressure generation, the result is a strong increase in pressure which will drive a rock more rapidly to fracture than if elastic behaviour is assumed.
The second contribution of our analysis is the emphasis on integrating observations of pressure and porosity with dynamic simulations at the kilometre scale. Previous studies have either not considered lateral variation in the pressure field over distances of less than 1 km (e.g. Mello et al., 1994) or have studied the problem at the 1000-km scale (e.g. Harrison & Summa, 1991) . An analysis at the kilometre scale illuminates the sharp changes in pressure and lithology that can occur laterally over distances of less than 1 km. However, if detailed observations are incorporated into the model development, then the model can successfully reproduce these lateral variations in the pressure and porosity fields. Our results suggest that there may not be a significant component of lateral flow across the fault system in this basin. However, our results do not preclude the propositions of Roberts & Nunn (1995) that the fault is a conduit for vertical flow, and that it may both capture lateral flow from each fault block and so expel fluid laterally into reservoirs.
Our modelling and observations illustrate that the hydrodynamic evolution of this basin is tied to its structural and stratigraphic evolution. Pressures tie to stratigraphy and the dominant source of pressure is sediment loading of low-permeability strata. This view of the subsurface as a hydrodynamic system is espoused by many previous authors (Bredehoeft & Hanshaw, 1968; Chapman, 1980; Keith & Rimstidt, 1985; Bethke, 1986; Shi & Wang, 1986; Harrison & Summa, 1991; Toth et al., 1991; Mello et al., 1994; Hart et al., 1995) , and contrasts several recent papers that have proposed the existence of impermeable seals which form pressure compartments that cross-cut both stratigraphy and structure in the subsurface (e.g. Hunt, 1990; Powley, 1990; Ortoleva et al., 1995) . This 'seal' approach has been extended to the EI 330 region where Roberts & Nunn (1995) and Nunn (1996) have modelled the geopressure surface as a single horizontal low-permeability horizon, beneath which lie permeable strata. Both the thick transition zone from hydrostatic to strong overpressure and our model results strongly contradict the idea that there is a thin impermeable seal in the EI 330 basin. Rather, our observations and modelling suggest a more appropriate permeability structure is one that is tied to stratigraphy and where permeability generally decreases with depth due to the regressive character of the strata. Mello et al. (1994) proposed a dynamic model in which the hydraulic diffusivity of clays in the subsurface reaches a minimum at depths of a few kilometres due to compaction and compressibility behaviour, and beneath that depth, diffusivity increases. Their result relies critically on their assumption that porosity declines as a function of depth (as opposed to effective stress) in hydrostatically pressured sediments. In contrast, in our approach, where porosity is assumed to decline as a function of effective stress, a diffusivity minimum is not required as a seal which marks the top of the overpressured zone.
The basic overpressure field is formed early, during the rapid formation of the basin. Today, because sedimentation rates are low, pressures are gradually dissipating. We can estimate the relaxation time through Eq. (13) (Paola et al., 1992) :
K .
Using a specific storage (S,) of 1.36 x 10-8 Pa-l, a sediment thickness (L) of 1500 m and a bulk average hydraulic conductivity of 10-12 m S-I, the characteristic relaxation time for the strongly overpressured sediments in EI 330 is on the order of 10 million years. In EI 330, sedimentation rates have varied from 1 mm yr-1 or more during the salt-withdrawal of the Plio-Pleistocene to 0.1 mm yr-1 or less today. This order of magnitude decrease in sedimentation rate means that the current pressure gradient is far greater than that called for by the current loading conditions. The length of time required for the pressures in EI 330 to dissipate until they are in line with the current loading conditions is on the order of 10 million years. This number agrees with the relaxation times calculated by Bredehoeft & Hanshaw (1968) for thick sequences of low-permeability sediment. Although the one-dimensional model is successful in capturing the large-scale hydrodynamic behaviour of this basin, it is limited in its ability to represent a natural system. This problem is reflected in our need to modify the sandi shale permeability relationship in the upthrown versus the downthrown block. In addition there is still significant debate as to the mechanisms for smectite dehydration. Finally, we have assumed a linear temperature gradient to approximate conductive heat flow. In fact, the temperature gradient will vary as a function of porosity, and, if there is advection present, it will also depend on the flow field.
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CONCLUSION
The complex pressure and porosity fields observed in EI 330 result from sediment loading of low-permeability strata. Pressures rise with depth from hydrostatic to nearly lithostatic, iso-pressure surfaces closely follow stratigraphic surfaces which are sharply offset by growthfaulting, and porosity follows an exponential function of effective stress.
A hydrodynamic model is used to explore the evolution of fluid pressure in a rapidly subsiding basin. If reversible compaction is assumed, then sediment loading is always the dominant source of overpressure. However, if irreversible compaction and permeability reduction due to diagenesis are assumed, then aqua thermal pressuring and clay dehydration (or other diagenetic reactions) can play significant roles in the generation of overpressure. Application of the hydrodynamic model to four locations in the EI 330 field, assuming that sediment loading is the only pressure source, and that permeability is a function of lithology and porosity, successfully reproduces the observed pressure and porosity profiles. Observation and theory support a conceptual model where hydrodynamic evolution is intimately tied to the structural and stratigraphic evolution of the progradational deltaic system. Today, permeability decreases and overpressure increases with depth because of the greater abundance of shales deposited early in the evolution of this basin. Modelling suggests that these lowpermeability shales developed overpressure early in their subsidence history (within 500 m of the surface) and then subsided more deeply into the basin to produce the present observed pressure distribution. permeability from parameters of particle size distribution. The equations for fluid flow in a compacting medium are derived from the conservation of mass equations for fluid moving through a porous medium and from four constitutive laws (Palciauskas & Domenico, 1989) . The conservation of mass for solid grains subsiding and compacting in one dimension is 
Equations (14) and (15) (Jacob, 1949; Palciauskas & Domenico, 1989) The first term describes strain rate due to fluidand matrix compressibility, the second, strain rate dueto fluid flow, the third strain rate due to sediment loading,and the fourth, strain rate due to thermal loading. The compressibility of solid quartz is approximately 2 x 10-11 Pa-l, while for water it is 5 X 10-10 Pa-1 (de Marsily, 1986 ) and for the matrix 3.68 x 10-8 Pa-1 (Hart et al., 1995) . Therefore, we assume that the compressibility of the solid grains is zero. Dropping these termsand including an internal source term in Eq. (27) givesEq.
(2). In Eq. (27), each term except the Darcy term is stated in substantial coordinates where the reference frame isfixed on the solid grains. In contrast, the Darcy term isstated with respect to the cartesian coordinate system(z = 0 at the sediment surface and increases with depth).To simplify the solution ofEq. (27), we express it entirely in substantial coordinates (11). To map between the twocoordinate systems, we assume rll 1z = Jo d11
K 0 KoP. 
This is a 'fully-compacted' coordinate system wherethe length scale, 11, is the distance from the sedimentsurface to a particular grain when no porosity is present. Figure  Al shows the relationship between depth, z, and substantial coordinates, 11. Now, the Darcy term can be restated as . 
which when differentiated yields D<I>,,= -~<I>"DO'L+~<I>"DP+(Xb<l>"DT.
The matrix compressibility (~) has been defined in a myriad of fashions. Palciauskas & Domenico (1989) assume porosity varies linearly with depth; Mello et al. (1994) assume porosity declines exponentially with depth; we assume porosity decreases exponentially with effective stress. These differences in the definition of matrix compressibility result in significant differences in how storage (St) (Eq. 3) varies with depth.
For purposes of estimating porosity from effective stress, Eq. (25) can be approximated by Eq. (1) using the definition of effective stress and assuming the alpha term of Eq. (25) change in pressure is proportional to the change in the spatial gradient in the overpressure field. Source terms are due to sediment loading and temperature change. The spatial variation in porosity is approximated with a finite difference approach where at each time step the equation is solved based on the spatial variation in porosity at the previous time step and then the porosity is updated given the change in pressure over the time step. Mello et al. (1994) made a similar approximation. Viscosity is varied in the model according to the relation used by Mello et al. (1994) 
Equation (32) was solved with a fully implicit finite difference scheme. At the upper boundary no overpressure is assumed (P(ll = 0, t) = 0); at the lower boundary no flow was assumed «DP*/Dll)(ll = I, t) = 0)) where I is the depth in fully compacted coordinates to the bottom of the basin. Model results are expressed in the uncompacted coordinate system (z) through Eq. (29). The model was validated by comparison to the analytical solution to a half space diffusion problem (Turcotte & Schubert, 1982) .
